Healthcare-associated infection (HCAI) in hospitals mainly results from unsolved but well-identified causes such as hand hygiene, overuse of catheters, and to a lesser extent, the airborne transmission of infectious agents caused by the misuse of respiratory precautions. The aims of the Institut Hospitalo-Universitaire Méditerranée Infection are to develop new approaches to fight HCAIs. Among them, new technologies that allow for the traceability of care and good practices reminders have been developed concomitantly to an anthropological approach, facilitating acceptability by healthcare workers. While the automated continuous monitoring system is validated and commercially available, some other technologies are still under clinical evaluation or in the early development phase. Quorum sensing-based biotechnologies are developed with the aims to fight against wound colonization.
Healthcare-associated infection (HCAI) affects approximately 5 million people each year in Europe with an estimated cost of €13-€24 billion, and an attributable mortality varying from 50 000 to 135 000 cases [1] . In the United States, the annual rate of HCAI was estimated at 1.7 million cases, with 99 000 deaths and an economic impact of approximately US$6.5 billion. The estimated prevalence rate varies across the globe, from 5%-10% of hospital-admitted persons to 20%-30% of patients admitted in intensive care [2] . HCAI infection is the largest epidemic of infectious disease that has ever happened on Earth, with an estimated number of deaths of at least 250 000 cases per year just in the United States and Europe, with a cost of €30 billion yearly. Aiming at a reduction of 10% of total HCAI, the saved lives and money would be estimated at 2500 and €3 billion per year, respectively.
Due to the fact that most HCAIs are the results of microorganism transmission by hand, hand disinfection is regarded as key to fight against this epidemic. Cleansing hands with alcohol-based hand rub is a simple and undemanding procedure that requires only a few seconds and has been proven to be highly efficient [3] . Even if the relative risk level of different care activities and how to best define key moments for hand hygiene action are still debated among infection control experts, the "5 moments for hand hygiene" are generally admitted as key moments for efficient hand hygiene [4] . However, these 5 moments can be classified into 2 simple key actions: hand disinfection before contact with the patient and hand disinfection before leaving the contaminated healthcare zone (patient's bedroom). The observed adherence rates among healthcare workers (HCWs) have been regarded by public health authorities as unacceptably poor. There is no standard for measuring adherence to hand hygiene practices; however, directly observing adherence to hand hygiene recommendations is the method used in the majority of studies [2] . Direct observational surveys suffer from several limitations; they are time-consuming and costly, they do not allow for continuous monitoring, and they only provide information on a small sample of all hand hygiene opportunities. More importantly, staff members change their behavior when they know that they are being observed; this has been called the "Hawthorne effect" [5] .
Bloodstream infection (BSI) is a major cause of morbidity and mortality throughout the world. The estimated number of hospital-acquired BSIs in 2002 in the United States was 215 000 cases, with a calculated incidence of 2.2 cases per 100 admissions (0.6 in all hospitalized patients and 9.7/100 admissions in the intensive care unit) [6] . Even if many studies have been conducted to prevent nosocomial BSI, some with success [7] , in a recent matched case-control study of 830 hospital-acquired BSIs by the elderly, the mortality attributable to the hospital-acquired BSI was 2 times that of the controls, the added length of stay was of 10 days, and the total added cost was US$43 208 per patient [8] . Although peripheral venous catheters (PVCs) are the most frequently used invasive devices in hospitals with an estimated incidence varying from 30% to 80% of hospitalized patients, problems caused by PVCs are largely underevaluated [9] . Studies reporting infectious complications of such catheters are rare. It has been estimated recently that Staphylococcus aureus-associated PVC bacteremia would occur in up to 10 000 patients yearly in the United States [10] . The rate of unnecessary PVC use reaches 50% in the literature [11] and, in our own experience, 80% of patients admitted though the emergency department [12] , explaining why fighting PVC has become a major aim for the Institut Hospitalo-Universitaire (IHU).
Finally, although the impact in term of incidence, mortality, and cost is much lower, hospital-acquired respiratory infections such as influenza, syncytial respiratory virus, measles, tuberculosis, Legionnaire's disease, herpes zoster virus, and others require paying a particular attention in taking care of these contagious patients. Highly contagious patients such as those with viral hemorrhagic fever or with severe acute respiratory syndrome or Middle East respiratory syndrome coronaviruses need the expertise of a skilled team in infection control [13] .
NEW APPROACHES TO PREVENT CONTAGIOUS DISEASES AT THE INSTITUT HOSPITALO-UNIVERSITAIRE

Innovative Technological Approaches
Electronic hand hygiene monitoring systems have emerged not only to record compliance but also to promote it. These systems are designed to ensure that HCWs perform hand hygiene before approaching the patient's bedside and issue an alert to do so. They can use sensors that detect alcohol vapors [14] or radiofrequency identification to determine when hand hygiene has occurred [15] . Among systems that are more widespread, including for a use in medical equipment, there are Wi-Fi (wireless system based on Institute of Electrical and Electronics Engineers [IEEE] 802.11 standards) and Zigbee (wireless communication protocols based on IEEE 802.15.3 standards) [16] . Both receivers are low-cost, are easy to maintain, and can be portable. The disadvantage of Zigbee and Wi-Fi is that an accurate location may require multiple beacons in an area, or combination with another technology; some systems may record 2 HCWs with hand hygiene even if the HCWs are very close in proximity [15] . The remote video monitoring of hand hygiene with real-time feedback to HCWs was responsible for a significant increase in hand hygiene compliance [17] . The main disadvantage of the video is that it is linked to human interpretation, time-consuming, and not in real time for the feedback and analysis. The main gap with these technologies is that they are currently unable to define the exposure to transmission (contact with the patient or with contaminated fomites); even if some technology claims that they can do it, few have been evaluated for accuracy, sensitivity, and specificity [18, 19] .
The IHU Méditerranée Infection has favored the emergence of technical innovation by making it possible to share scientific ideas with industrial development. The technology developed by our consortium and called here MediHandTrace (French patent register 12/60453) was born from an informal discussion between a small research and development (R&D) office (MicroBE), a bedside hand hygiene sanitizer distributor (Hygienic System), and a counseling office (EphygieHand). Our technology is based on radio-frequency identification (RFID). In brief, the system was based on the "iCode RFID 15693" tag technology using the frequency band of 13.56 MHz. Originally, each bedroom was equipped with 4 floor-level antennas used to read tags inserted in the shoes of each HCW ( Figure 1A) . One antenna was located just outside the room's door under the alcohol dispenser, the second antenna was located at the door entrance, the third was within the room under another alcohol dispenser, and the last antenna was located around the bed and defined a secure zone (ie, contaminated healthcare zone, the zone for which alcohol disinfection should have been performed before entering). Sensors were placed on both alcohol dispensers, measuring the use of hydroalcoholic solution inside and outside the room by indicating the number of sprays and the volume dispensed. One reader coordinates the antennas to read the HCWs' shoe-inserted tags and the dispenser's sensors, and transfers the information to the main server via an Ethernet connection. The intelligence of the system lies in the server, which manages, interprets, and provides results in real time. A new mobile system has just been released with only one antenna and one hydroalcoholic solution dispenser at the bedside. Information on entrance and exit of the HCW is given to the system by a signal transmitted to the antenna by one tag located under the door ( Figure 1B) . All of our innovations are protected either by patent or by copyright. MediHandTrace has been evaluated against video recording with a sensitivity of 95.65 %, specificity of 100%, and accuracy of 99.02% [20] . The consortium created ex-nihilo a startup named MediHandTrace SAS (125 000 €), which engaged in new R&D. The product is now commercially available in any place in the world (http:// www.medihandtrace.com/en/home-1.html). In parallel with R&D, our research group investigated the impact of the developed technique. In a recently submitted article, we reported that we were able to record HCW paths and hand hygiene opportunities 247 and their appropriate hand hygiene for up to 5 months. We showed after a multilevel linear regression adjustment that HCWs initially did not disinfect their hands before contact with the patient in 77.4% of hand hygiene opportunities, indicating a hand hygiene adherence rate of 22.6%, with 6% only performing hand hygiene just before contact ( Figure  1A , sequence 3-4) [21] . Interestingly, this was associated with a use of 7.48-fold the European recommended hand rub solution volume, indicating that the level of hand rub solution of 21 mL/day/patient for medicine wards currently recommended was too low [22] . This study raised an important point: The fact that hand hygiene is HCW dependent and that such technology records a very large number of events indicates that the number of hand hygiene opportunities (related to workflow) of one particular HCW with his or her own hand hygiene practices overweights this HCW's features, needing adjustment (multilevel analysis) to attenuate this overexpression [23] . Among others, the shorter the duration of the path, the worse the bedside hand hygiene, indicating that the organization of care is a key factor to improving hand hygiene [21] . Since that time, the system continuously recorded HCW hand hygiene opportunities. With the use of MediHandTrace, in the aims to improve hand hygiene, we have monitored the HCW hand hygiene practice changes after sending small text message feedbacks. The participants in our study received one of 2 types of text message every Monday morning. The first type is a felicitation message: "From date X to date Y, you have improved your hand hygiene.
Congratulations, and keep up the good work. " The second type is an encouragement message: "From date X to Y, your hand hygiene did not improve, and we encourage you to be more vigilant. " We have recorded 15 723 paths all along our study (10 months) done by 18 HCWs. After a multilevel logistic regression model to integrate the individual effect on compliance to hand hygiene, HCWs receiving text messages improved their hand hygiene by almost two-fold (odds ratio, 1.68 [95% confidence interval, 1.45-1.79]; P = .001) [24] . Studies are ongoing to evaluate the impact of reorganization of care (nursing kit) on hand hygiene adherence. The signal is transmitted to the database Meditrace: S1 when the HCW is on the first antenna; S2 when he is on the door antenna; S3 when he is on the inside dispenser antenna; S4 when he is in contact with the bed antenna; S5 when he returns to the inside dispenser antenna after S4; S6 when he is in contact with the door antenna after S4, S3, or S5; and S7 when he is in contact with the outside antenna. A signal is sent to the database when alcohol solution is taken either outside or inside the dispenser. Example: the sequence "1, 2, 3, 4, 5, 6, 7" with alcohol taken at 3 and 5 is a perfect path; the sequence "1, 2, 4, 5, 6, 7" with alcohol taken at 1 and 7 is acceptable; the sequence "1, 2, 4 …" is an inacceptable path. B, In this new version of MediHandTrace, the tag 1 is located under the door and targets the signal when the door opens over the unique antenna. Here, signal S1 indicates the entry; S2 identifies the HCW; S3 indicates that the door was closed; S4 indicates that the HCW takes alcohol hand rub; S5 indicates the HCW leaves the antenna. Note that here the "care zone" has been enlarged to the whole bedroom, whereas in the first version the care zone was restricted to the bed zone. 
New Approaches to Prevent
Video Monitoring of Routine Healthcare
Despite the fact that video monitoring is time consuming and does not give real-time feedback, it was proven useful in enhancing hand hygiene [17] . Video recording and feedback are commonly used in sport coaching and improving practices, and video recording has been associated with MediHandTrace to evaluate HCW behavior in routine care, highlighting the complexity of hand disinfection and glove wearing [25, 26] .
Peripheral Venous Catheter Traceability
Excepted care bundle interventions, very few studies have been performed to reduce unnecessary insertion or as soon as possible (ASAP) ablation of PVC, most studies focusing on central venous catheters [27] . We innovated with 2 different technologies in an attempt to stop exceeding insertion and allowing an ASAP removal of unnecessary PVCs. The patient smart reader (PSR) is a bar code personal digital assistant capable of scanning the catheter, the nurse, and the patient's bar code identification, allowing the optimization of PVC traceability. It also can inform, for every 8-hour shift, the nurse in charge to obtain the medical renewal of the catheter prescription and, if not, to remove the catheter. PSR also informed and traced each 8-hour shift for catheter maintenance. When compared to other standardized process of traceability, the PSR allowed for an increase from 58.3% to 100% (P < .05) in the traceability of catheter insertion and removal (O. Florea et al, unpublished data). Further studies are ongoing to evaluate the impact on PVC line infection. The second innovation is an intelligent PVC (KTtrace), which, when inserted into the patient's arm, continuously informs the HCW of its presence, and asks the HCW to regularly evaluate its need for an ASAP removal. This process is patented and under ongoing clinical evaluation.
Anthropological Approaches
New technologies introduced to monitor hand hygiene have been a matter of debate among HCWs. These technologies are better accepted by HCWs in leadership positions than among others. Among the questions raised by HCWs is the accuracy level of the data produced by systems to monitor hand hygiene and the inability of the technology to assess the situational context of hand hygiene opportunities, as well as the punitive use of data produced [28] . Our project was accompanied by human and social science evaluation. Scientific research in our infectious disease ward was presented by "reformers" (researchers) as a mandatory way to explore cause and consequence and improve the knowledge on HCAI to further adapt the intervention and reduce risk of HCAIs. This means legitimizing the introduction of new technologies and neutralizing the fears of HCWs. However, the HCWs' opinion is more nuanced; if they value scientific research in its goal to reduce HCAIs, they worry that these new technologies will not be without consequences for themselves and their profession. (C. Tarantini, manuscript in preparation).
Communication to Healthcare Workers
While signs are commonly used to remind physicians and nurses to perform hand hygiene, recent randomly assigned studies showed that signs did not significantly improve hand hygiene compared to baseline signs [29, 30] . It is not clear if this is because signs do not work or because current signs are not optimally designed. It has been shown that various evidence-based components are essential for the design of efficient signs, including gain-framed messages, alerting signal words, appeal to personal responsibility, appeal to patient consequences, a specific activity required from the reader, attention-getting features, and appropriate design features such as color and letter size. We are currently investigating this question with our own homemade signs.
Biotechnological Application of Quorum Quenching Enzymes
Quorum quenching (QQ) is a strategy using enzymes issued from quorum-sensing bacteria to fight biofilm formation and virulence factor secretion. The IHU has recently invested in the use of quorum-sensing bacteria by the creation of the Gene & GreenTK company. These approaches are appealing because they do not directly challenge bacterial survival and, consequently, selection pressure may be low, yielding a lower occurrence of resistance. QQ enzymes are particularly promising because they act extracellularly to degrade autoinducers and can be used in catalytic quantities. A recent review draws an overview of QQ enzyme-related applications, in particular, topical and dressing perspectives for treatment or decolonization of infected/colonized wounds [31] .
CONCLUSIONS
Preventing transmission when caring for contagious patients is a complete approach, including the use of dedicated circuits, single room isolation, and rapid diagnostic tests with early and adapted treatment; enhancing hand disinfection and respiratory protection; avoiding unnecessary catheter use; improving the traceability of care; and reducing colonization by multidrug-resistant, gram-negative bacteria. New technologies or biotechnologies are likely to be of great help in such a challenge. HCWs should be enlisted to make these changes a success. These are the aims of the IHU. 
